The Mexican tetra (Astyanax mexicanus), a freshwater teleost fish, is an excellent vertebrate model organism to study tooth development, specifically the spatiotemporal events related to the development of the oral and pharyngeal dentitions. In contrast to the coordinated early tooth development in the premaxilla and mandible, the maxillary teeth develop much later in life at 60 dpf. By analysing a growth series of bone and cartilage stained tetra and histological sectioning of the tooth bearing bones, we track the developmental events of tooth development over ontogeny of this animal. Whole mount in situ hybridisation with bone morphogenetic proteins and their inhibitor Noggin was conducted to track the late tooth development events. Our data show that the first generation teeth are small and unicuspid irrespective of their location. Oral jaw teeth become multicuspid and large over ontogeny while the pharyngeal dentition remains unicuspid and disorganised. Tooth eruption occurs late in the maxillary bone. The distinct expression pattern of the BMP antagonist, Noggin, suggests that Noggin plays an inhibitory role by preventing early tooth development in the maxillary bone. These data further support and highlight the use of the Mexican tetra in understanding the spatio-temporal differences in tooth development in vertebrate jaws.
Introduction
Toothed jaws, one of the unique characteristics of vertebrates, are known to have evolved more than 360 million years ago (Rucklin et al., 2012) . Teeth primarily enable food acquisition and processing but can also act as a protective armour (Stock, 2007) ; all these features are important in the survival of the organism. A large amount of excellent research on tooth development has been carried out, mainly on mouse models (Mus musculus). However, the mouse is not an ideal model for understanding the complex mechanisms behind tooth development and replacement, because it has continuously growing incisors and three permanent molars; these are highly derived compared to those of humans. For these reasons other model organisms are needed to study the complex mechanisms of tooth development and replacement.
Over the past two decades, teleost models such as zebrafish (Danio rerio), medaka (Oryzias latipes) and cichlid (Metriaclima zebra) species have been used in comparative developmental studies of dentition (Debiais-Thibaud et al., 2007; Fraser et al., 2009; Stock, 2007) . Teleosts, which comprise nearly half of all living vertebrates, exhibit a wide diversity in tooth shape, size, number and location (Nelson, 2006) . Another teleost fish model which has emerged more recently is the Mexican tetra, Astyanax mexicanus. It is a single species consisting of two morphological types: an eyed, pigmented, surface-dwelling form (surface fish) and an eyeless, unpigmented cave-dwelling (cavefish) form.
A. mexicanus (Characiformes) is phylogenetically closely related to zebrafish (Crypniformes), a popular biomedical model in developmental biology (Stock, 2007) . In contrast to the simple pharyngeal dentition found in zebrafish, A. mexicanus has teeth in all oral jaws (mandible, premaxilla, maxilla) and in the upper and lower pharyngeal bones (Trapani et al., 2005) (Atukorala et al., 2013) . They also have small unicuspid teeth in their suspensory pharyngeal bones and gill rakers (Valdez-Moreno and Contreras-Balderas, 2003) . The adult oral dentition has unique features including well organised multicuspid rostral teeth, a collection of small multicuspid and unicuspid caudal teeth in the mandible and two rows of teeth on the premaxilla (Trapani et al., 2005) . We recently detected an increase in caudal tooth number of the mandible after surgical removal of the embryonic lens in surface fish (Dufton et al., 2012) . More recently we compared the dentition of all oral jaws of surface control, surface surgery, cavefish and F1 hybrids to explore the effect of the eye on oral dentition (Atukorala et al., 2013) . We found that the increased tooth number associated with large jaw sizes, which are features of blind cavefish, cannot be replicated in surface fish by embryonic lens removal. Interestingly, we also showed that embryonic lens removal has no effect on tooth number in the premaxillary or the maxillary bone unlike in the mandible (Atukorala et al., 2013) .
Adult tetra have an average of one tooth in each maxillary bone and these teeth appear at approximately 100 days of age (Trapani et al., 2005) . In contrast, cavefish have an average of three teeth in each maxillary bone (Atukorala et al., 2013) . Maxillary teeth are morphologically similar to other multicuspid jaw teeth. Such late erupting teeth have not been well documented in the literature. It remains unknown whether the maxillary teeth develop early but simply fail to erupt until later in life or whether the whole process of tooth development is initiated in adulthood. Teeth in the maxillary bone are not common in Teleostei (Stock, 2007) and some of the representative fish species used as model organisms do not have teeth on this oral jaw (Table 1) . Advanced teleost species also lack teeth in the maxillary bone (Table 1) .
The maxillary and mandibular bones are derivatives of the first pharyngeal arch. The reciprocal interactions between the epithelium and underlying ectomesenchyme give rise to teeth and several signalling pathways regulate this mechanism (Weiss et al., 1995) . Amongst these, bone morphogenetic proteins (BMPs) are important signalling molecules that regulate epithelial-mesenchymal interactions during tooth development and play an important role during the evolution of vertebrate teeth. For instance, BMPs play a role in the reduction of the dentition in rodents (Aberg et al., 1997) , birds (Chen et al., 2000) and zebrafish (Wise and Stock, 2006) . The expression pattern of bmp2 and bmp4 in tooth development of three teleost fish species (i.e. zebrafish, tetra and medaka) has been investigated and shown to be conserved (Wise and Stock, 2006) . However, the same authors, in a later study, concluded that bmp2 and bmp4 are not essential for pharyngeal tooth formation in zebrafish, and suggest that there may be functional redundancy of these genes with other genes such as bmp7 (Wise and Stock, 2010) . BMP signalling is also modulated by several proteins at different levels. In the extracellular compartment, BMP signalling is modulated by secreted BMP antagonists, such as Noggin, which binds preferentially to BMP2, BMP4, and BMP7 to prevent the BMP pathway. Furthermore, the application of Noggin to mandibular explants of mouse embryos is sufficient to transform the normally unicuspid incisors into multicuspid teeth (Tucker et al., 1998) . Similarly, in the pharyngeal teeth of zebrafish and Mexican tetra over-expression of Noggin can change the tooth morphology from unicuspid to bicuspid (Jackman et al., 2013) .
In this study, we hypothesise that the activator/inhibitor mechanisms of BMP and Noggin might have a role in late tooth development and eruption in the maxillary bone of the Mexican tetra. Using whole mount bone stain and histology, we did a careful re-examination of the developmental events of the oral jaw teeth with particular focus on the maxilla. Furthermore, we analysed teeth in the pharyngeal region in order to understand the cellular origin and tissue dynamics during continuous tooth renewal in both oral and pharyngeal jaws. In situ hybridisation was used to observe the spatiotemporal expression patterns of BMPs and Noggin in the oral jaws. We also show the expression of Noggin during tetra oral tooth development. The spatiotemporal expression pattern of BMP4 and Noggin in the maxillary region is suggestive of a role for BMP4 and Noggin activity in late tooth development in this species.
Results
We previously reported the tooth and cusp numbers in the mandibular, premaxillary and maxillary jaws in adult surface, cavefish and their F1 hybrids (Atukorala et al., 2013 ). Here we begin by describing the early development of this oral dentition, and then describe the pharyngeal dentition and the gill rakers, neither of which have been previously reported. This morphological description is followed by a histological description of tooth development and then an investigation into the expression of bone morphogenetic proteins and their inhibitor, Noggin. Collectively, our data clearly show that teeth become structurally more complex over ontogeny with teeth in the oral jaws more organised than those in the pharyngeal region. Interestingly, the teeth in the caudal region of the mandible do not appear to coordinate with the tooth development or replacement cycles of the rostral teeth. A. mexicanus can be used to model late tooth development events in other vertebrates. 
2.1.
The oral dentition
Rostral and caudal regions differ in tooth complexity in the mandible
At 4 dpf (4.05 ± 0.1 mm SL), the first sign of tooth structure can be observed in the lower jaw, although these presumptive teeth do not yet stain with Alizarin red (Fig. 1A , circle). These first generation teeth are widely spaced and are situated a distance from the mandibular symphysis towards the caudal region of the mandible (Fig. 1A, circle) . Between 4 dpf and 12 dpf, subsequent teeth are added; these are situated caudal to the first tooth and are added in a zigzag pattern (Fig. 1B) . At 7 dpf there are five teeth in total in the mandible; this number doubles by around 12 dpf. These first generation teeth are always unicuspid (Table 2) .
At about 21 dpf (6.08 ± 0.3 mm SL), the lower jaw dentition consists of 16 teeth, 8 on each side of the jaw (Fig. 2) . The first tooth replacement cycle starts with the small unicuspid teeth being replaced by the larger unicuspid teeth (Fig. 1C) . Each new tooth does not necessarily fill the space of the preceding tooth. At 28-30 dpf (8.93 ± 0.5 mm SL), there are, in total, about 18 large and small unicuspid teeth (Fig. 1D, asterisk) . The second tooth replacement event starts at around 50 dpf (1.02 ± 0.2 mm SL) and the large unicuspid teeth are replaced by bi or tricuspid teeth. At 60 dpf (2.13 ± 0.2 cm SL), the teeth have a mixed multicuspid and unicuspid morphology (Table 2) . From this age onwards, the total number of unicuspid teeth declines while the number of multicuspid teeth increases and becomes constant at around 80 dpf (Fig. 2, Table 2 ). The rostral teeth acquire a multicuspid morphology (four to five cusps) over ontogeny while new teeth in the caudal region remain unicuspid or are replaced by small multicuspid teeth (with one to four cusps). The rostral teeth are also larger in size (height and width) compared to the caudal teeth. Interestingly, the first generation rostral and caudal teeth are uniform in height (Fig. 3) and it is only after the first tooth replacement cycle that the height of rostral teeth drastically increases compared to the caudal teeth (Fig. 3) .
At 80 dpf (3.0 ± 0.3 cm SL), 100 dpf (3.26 ± 0.3 cm SL) and 150 dpf (3.16 ± 0.3 cm SL), the mandibular dentition remains relatively constant with respect to tooth number with only a few changes as a result of the addition of unicuspid teeth to the caudal region of the mandible (Fig. 2) .
Maximum tooth number is reached by 30 dpf in the premaxilla
The first tooth on the premaxilla is visible at 4 dpf (Fig. 1A,  box) . This tooth develops on the ethmoid cartilage close to the midline. The second tooth develops medial to the first tooth. Similar to the mandible, these first generation teeth are unicuspid and widely spaced (Fig. 1B and 1C) .
Up until 7 dpf (4.41 ± 0.2 mm SL), there is only one row of four teeth on each premaxilla. The first tooth of the posterior row becomes visible at 9 dpf (4.71 ± 0.3 mm SL) and is also positioned close to the midline (Fig. 1B, arrows) . The first tooth replacement cycle corresponds with that of the mandible and occurs at around 25 dpf (6.32 ± 0.3 mm SL) during which time large unicuspid teeth are replaced by multicuspid teeth. These large multicuspid teeth are always located medially (Fig. 1E) .
By 30 dpf (7.76 ± 0.5 mm SL), the maximum number of teeth in the premaxilla is present (i.e. 23 teeth) and this number declines slightly by adulthood. At 60 dpf, there are more multicuspid teeth than unicuspid teeth. Tooth number in the premaxillae remains relatively constant at 80 dpf, 100 dpf and 150 dpf ( Fig. 2A and 2B ).
Late tooth eruption occurs in the maxilla
In Mexican tetra, as in other teleosts, the palatoquadrate cartilage acts as the larval maxilla (Fig. 1B, asterisk) . The palatoquadrate cartilage is roughly triangular in shape with slightly concave dorsal edges and convex ventral edges (Fig. 4A) . Surprisingly, the first teeth to erupt are observed late, at 60 dpf (Fig. 4C ). These first teeth are unicuspid; however, the tooth number may vary between one to two unicuspid teeth (Fig. 4E and 4F) . At 100 dpf, all samples have multicuspid teeth which have four to six cusps per tooth ( Fig. 4D and 4G ). At 100 dpf and in adults (150 dpf), the maxillae always have a maximum of two teeth ( Fig. 1E , arrow; Figs 2 and 4H).
2.2.
The pharyngeal dentition
The adult pharyngeal dentition consists of disorganised unicuspid teeth
The adult pharyngeal dentition has been described previously (Valdez-Moreno and Contreras-Balderas, 2003) ; however, the ontogeny of the upper and lower pharyngeal dentition has not been investigated. The adult pharyngeal dentition consists of dorsal and ventral tooth plates which are located at the caudal region of the pharyngeal cavity. The fourth epibranchial bone (Eb4) in the pharyngeal system is modified to form the upper pharyngeal tooth plate (Valdez-Moreno and Contreras-Balderas, 2003) . This tooth plate is further supported by a small area of the third epibranchial bone (Eb3) (Fig. 5E ). In adults, the upper pharyngeal bone has an average of 65 teeth (Fig. 2) . Teeth are also present in the second and third suspensory pharyngeal bones (Fig. 5G) . The third suspensory pharyngeal bone has seven to ten teeth and the second suspensory pharyngeal bone has two to three teeth. The fifth ceratobranchial (Cb5) bone is modified to form the lower pharyngeal bone. This triangular shaped bone bears several rows of teeth ( Fig. 5H ) and has a tooth free area in the middle of the bone (Fig. 5H, asterisk) . The adult lower pharyngeal bone has an average of 45 teeth (Fig. 2) .
All teeth in the adult pharyngeal bones are unicuspid in nature but on close examination it becomes apparent that these are a mixture of large and small unicuspid teeth. The large unicuspid teeth are always located medially. Some teeth are slightly curved in the caudal direction.
Early development of the pharyngeal teeth is disorganised and tooth development on the suspensory bones occurs late
At 3 dpf, pharyngeal teeth are not visible in the acid-free double stained samples, similar to the oral jaws. However, at (Fig. 5A , circle); these teeth are medially located. The upper pharyngeal bone has one larger tooth rostrally and two smaller teeth caudally (Fig. 5A, asterisk) . At 6 dpf (4.45 ± 0.2 mm SL), in the upper pharyngeal bone, a new tooth erupts laterally and caudally to the larger tooth. Again at 7 dpf another tooth is added caudally. During this time new bone deposition takes place around these teeth (Fig. 5B) . At 8 dpf, another tooth is added laterally and caudally to the first tooth. A total of seven teeth can be found at this stage. At 10 dpf (4.99 ± 0.3 mm SL), the upper pharyngeal bone grows laterally and caudally with the addition of new teeth, giving the bone a roughly rectangular shape (Fig. 5B) . At 20 dpf (6.08 ± 0.3 mm SL), there are 13 teeth in total. After 30 dpf (8.9 ± 0.0 mm SL), new tooth plates are added rostrally and there are an average of 30 teeth at this stage (Figs 2 and 5D ).
The lower pharyngeal bone has only one tooth at 4 dpf ( Fig. 5B ) and this tooth continues to grow in size up until 7 dpf.
At 9 dpf, a new tooth erupts caudally to the first tooth (Fig. 5B) . At 10 dpf, another new tooth is added medially to the first tooth. By 20 dpf the lower pharyngeal bone is a small wedge shaped structure with teeth (Fig. 5C ). With increasing age more teeth are added laterally and caudally and the lower pharyngeal bone continues to increase in size and to gain its adult morphology.
Tooth development on the suspensory pharyngeal bones occurs slightly later and the first tooth structure is found at 28 dpf on these bones ( Fig. 2A) . At 35 dpf, there are two teeth and at 48 dpf there are on average three to four teeth. This number increases up to seven teeth at 150 dpf. The first tooth appears in the second suspensory pharyngeal bone at around 60 dpf and tooth number slowly increases such that at adulthood (150 dpf), there is an average of three teeth in this tooth plate (Fig. 2) . The addition of the tooth in these bones is associated with their bone growth. In general, tooth eruption and replacement in the pharyngeal region occurs in a haphazard manner throughout ontogeny, unlike in the oral jaws. 
2.3.

Teeth develop late on gill rakers
In adult tetra, the gills have gill rakers which have small conically shaped teeth ( Fig. 5E and 5F ). The gill rakers vary in number in each pharyngeal arch and there are on average 20 gill rakers per arch. All gill rakers bear three to six conical teeth (Fig. 5F ). These teeth are small and are more triangular in shape compared to other unicuspid teeth present in the oral and pharyngeal regions (compare Fig. 5F with Fig. 1C and 1D) .
Gill rakers first appear at 20 dpf and increase in number with increasing age (Figs 2A and 5C, arrow) . Teeth were not present on the gill rakers until about 48 dpf (however, this is not consistent amongst samples and some develop later).
2.4.
Histological analyses reveal that both intra and extraosseous tooth development occurs in the oral jaws
The first generation tooth germ can be seen in the areas of the lower jaw and premaxilla at early stages (i.e. 4 dpf). The first generation teeth develop superficially and have a simple epithelial attachment (Fig. 6H) . The first and second generation teeth are unicuspid and have a direct attachment to the underlying bone (Fig. 6B) .
Along with tooth development there is rapid bone formation in both upper and lower oral jaws ( Fig. 6A and 6J ). Meckel's cartilage and the ethmoid plate cartilages are replaced with bone by endochondral ossification (Fig. 6A and 6J) . The bone forms around the teeth and encloses the developing tooth germs (Fig. 6A and 6J) . Thus, the tooth germ, which initially developed superficially, now develops deep within the bone.
Histological sections of adult mandibles and premaxillae show both functional teeth and replacement teeth. The labial epithelial cells in the oral cavity and the outer enamel epithelial cells from the functional tooth form the successional lamina (Fig. 6C, double asterisk, and 6D ). Successional laminae move inside the underlying jaw bone and new tooth development is initiated via interactions with ectomesenchymal cells. These replacement teeth form below the functional teeth and remain inside the bony crypt until maturation (Fig. 6C) (inside the bone) while the caudal teeth always develop extraosseously. The successional laminae form teeth over the bone without moving deep into the bone cavity. There is no histological evidence of unerupted tooth germs until 50 dpf in the maxillary bone and these maxillary teeth develop intraosseously.
We further investigated the histological structure of the larval tooth and the adult jaw tooth. The larval tooth has a cellular pulp core and a direct attachment to the underlying bone (Fig. 6B) . The adult functional tooth also has a cellular pulp cavity and a distinct fibrous attachment ( Fig. 6C and 6D ; arrow) to the underlying bone and the tooth is positioned in a bony socket.
The teeth in the pharyngeal bones are always unicuspid and develop intraosseously (Fig. 6E and 6F) . The tooth germ can be seen in histological sections of 4 dpf samples (data not shown). The replacement tooth germ develops next to the functional teeth where epithelial cells for the successional laminae form from the pharyngeal epithelial cells. Similar to first generation unicuspid oral teeth, these teeth have a cellular pulp cavity and direct attachment to the bone (Fig. 6F) . The teeth in the gills are histologically similar to the pharyngeal teeth (Fig. 6G) .
BMP4 and noggin are involved in late tooth development in the maxillary bone
In order to investigate the molecular mechanisms underlying late tooth initiation in the maxillary bone, in situ hybridisation was performed on tetra embryos, larval fish (1 dpf to 15 dpf) and on juvenile fish (20 dpf, 25 dpf and 50 dpf). Early expression of bmp2a, bmp2b and bmp4 in tooth development of pharyngeal and oral jaws at 2 dpf matches previous descriptions (Wise and Stock, 2006) . bmp2a and bmp2b are expressed in the pharyngeal region where the tooth forms and are expressed in the oral jaw regions at 3 dpf (data not shown). At 4 dpf, the upper and lower oral jaws, including the future maxillary region, are positive for bmp4 (Fig. 7A circle, 7B asterisk). The mesenchyme below the oral epithelium has specific bmp4 expression, suggesting that this tissue represents the dental lamina where tooth development takes place (Fig. 7C) . bmp4 expression becomes progressively weaker with increasing age in the maxillary bone ( Fig. 7D and 7E) . Interestingly, it was detected again around 40 dpf and progressively increased expression up to 50 dpf ( Figs 7F, 7G and 9) .
To further investigate involvement of BMPs in tooth development, we investigated the expression of the BMP antagonist, Noggin (Fig. 8) . At 2 dpf, we detected zNoggin 1, zNoggin 2 and zNoggin 3 in the pharyngeal region (Fig. 8A showing only noggin  1 expression) . By 4 dpf strong expression of all three Noggins was found in the oral jaws (Fig. 8B-D) . This expression was found in the mesenchyme underlying the epithelium of the oral jaws, this is similar to the expression pattern of bmp4 (Fig. 8E, F) . noggin expression can be detected in the maxilla and other jaw bones where active bone formation takes place ( Fig. 8G-J) . Strong expression of noggins could be detected at the oral jaw bones at late ages, including at 15 dpf, 20 dpf and at 50 dpf ( Fig. 8G-N) . Interestingly, noggin expression was prominent in the mesenchyme of the maxillary bone from 15 dpf to 50 dpf despite the absence of teeth (Figs 8H-M and 9). The expression of noggin in the future maxillary tooth bearing area is broad compared to the other regions of the maxillary bone ( Fig. 8K-M; circle) . In addition, noggin was detected in the external and internal enamel epithelium at the bell stage of the multicuspid teeth ( Fig. 8N and 8O ). 
Discussion
Characiformes dentitions become more complex over ontogeny
The Mexican tetra belongs to the order Characiformes which is one of the most diverse teleost groups with regard to the oral jaw dentition (Nelson, 2006) . The family Characidae, which includes A. mexicanus, includes several other freshwater fish such as the piranha and the African tiger fish which are also well known for their dentitions (Nelson, 2006) . All members of Characidae have two sets of dentitions in the oral and pharyngeal regions. While oral jaws are short and powerful, and generally have sharp, cuspidate teeth (Schoch, 2006) , these complex teeth are gradually formed via several tooth replacement cycles in which the first generation teeth are unicuspid in shape.
The Mexican tetra first generation dentitions are homodont in shape irrespective of their location (Fig. 1C) . The oral second generation teeth are also unicuspid but they are usually large in size compared to the first generation unicuspid teeth (Fig. 1D) . The pharyngeal teeth remain unicuspid over ontogeny in this species (Fig. 5) . The teeth that can be found in the gill rakers of this animal also exhibit unicuspid morphology (Fig. 5F ). Indeed, unicuspid dentition is the basic condition in Actinopteriygii (Sire et al., 2002) . This feature can be found amongst the adult dentitions of many teleost species, and also in other vertebrate lineages such as amphibians (i.e. frogs and salamanders) and reptiles (i.e. geckos and snakes) (Davit-Beal et al., 2007; Handrigan and Richman, 2011) .
During tooth development the shape of the tooth is determined by an epithelially derived enamel knot (Vaahtokari et al. 1996) . This structure is known to act as a signalling centre in tooth development and controls cell proliferation and apoptosis, leading to the development of the tooth cusps. In multicuspid teeth, the cuspal transition occurs as a result of the formation of a secondary enamel knot during the bell stage of tooth development. This process is well conserved in evolution. The cuspidate tooth germs of the Mexican tetra have secondary enamel knots which give rise to the cuspal toothmorphology. In humans the failure to form proper enamel knots due to the mutation of Eda/Edar signalling pathway leads to developmental disorders like ectodermal dysplasia (Tucker et al., 2004) in which affected patients have conically shaped teeth similar to the primitive conical or unicuspid tooth morphology seen in Mexican tetra early oral dentitions. In summary, the oral teeth become structurally more complex over tooth replacement cycles with changes in both shape and size of the teeth (Table 2, Fig. 1 ). This is a basic characteristic of Characiformes dentitions.
A spatiotemporal difference in tooth development suggests distinct developmental mechanisms
The adult mandible has an organised tooth arrangement in the rostral region compared to the caudal region. The first eruption of these caudal teeth can be detected at 20 dpf (Fig. 1C) . The rostral and caudal teeth have a similar morphology up until 30 dpf (Fig. 1D) after which there is a drastic increase in the size and shape of the rostral teeth while the caudal teeth remain constant in morphology. The eruption and subsequent loss of the caudal teeth also does not follow the eruption pattern of the rostral teeth and there is natural variation in the tooth number of the caudal teeth. Teeth in the caudal region of the mandible therefore do not coordinate with the tooth development or replacement cycles of the rostral teeth. Interestingly, it is the caudal teeth that increase in number after surgical removal of the lens (Dufton et al., 2012) . Furthermore, there is also an increase in caudal tooth number in cavefish and intermediate fish (F1 hybrids of cavefish and surface fish) which is also associated with increased jaw size (Atukorala et al., 2013) . The above results collectively suggest that different mechanisms control tooth arrangement in the caudal and rostral regions of this jaw. Indeed Atchley and Hall (1991) described two developmental modules for the mouse mandibular incisor and molar region (Atchley and Hall, 1991) . Similarly, developmentally distinct modules may be present in the A. mexicanus mandible. This is in contrast to teeth in the pharyngeal region which are always unicuspid and scattered (i.e. disorganised) within the bones; tooth replacement is haphazard compared to the organised pattern of the oral jaw dentition. The ectodysplasin A ligand in tissue necrosis factor family is known to play a pivotal role in tooth patterning in humans, mouse and teleost fish (Atukorala et al., 2010; Harris et al., 2008; Tucker et al., 2004) . Both zebrafish and medaka ectodysplasin mutants have less teeth than wild types, and these teeth are also irregular in arrangement in both the oral and pharyngeal regions (Atukorala et al., 2010; Harris et al., 2008) . Interestingly, the Edar mutant medaka were also found to have a drastic reduction in pharyngeal tooth number with severely disorganised tooth arrangements compared to the oral jaws which are less affected (Atukorala et al., 2010) . This further supports the existence of a spatiotemporal difference of tooth arrangement amongst teleosts.
Intraosseous tooth development is similar to cichlids but different from other teleosts
In A. mexicanus, first and second generation oral teeth always develop in an extraosseous location (Fig. 6A, 6H and 6I ). This type of tooth replacement is continuous in the adult pharyngeal region and the caudal region of the mandible. The rostral teeth in adult tetras exhibit intramedullary (inside the jawbone; i.e. intraosseous) tooth replacement, similar to cichlid fish and mammals but distinct from other animals [i.e. reptiles (Handrigan et al., 2010) , and other teleosts such as zebrafish (Van der Heyden and Huysseune, 2000) and medaka (Debiais-Thibaud et al., 2007) ] where the replacement tooth germs develop in an extramedullary location. In adult tetra, replacing teeth develop inside the bone (intraosseously). Once this replacement tooth moves to its functional position it acts as a place holder to each successive tooth and provides odontogenic stem cells to form the new tooth. The new tooth remains inside the bone until it is fully matured. This type of tooth replacement event is known as a one-to-one tooth replacement (Fraser et al., 2013) . Moreover, in Mexican tetra, the larval dentition forms on the epithelium and there is continuous growth of the mandibular and premaxillary bone where the location of teeth change with bone growth, whereas in adult jaw bones, the space for functional teeth in the jaw bones is more static and when the functional tooth exfoliates, this tooth creates a space where the replacement tooth can move and become established as a functional tooth. Furthermore, the basic histo-and cytodifferentiation of tooth development has likely been conserved from fish to mammals.
Noggin responsible for the late tooth development in the maxillary bone
The teleost maxilla is specialised in such a way that the posterior end of the maxilla has lost attachments to the cheek and has become mobile relative to the cranium. When the mouth opens, the maxilla rotates forward and downward to close off the corners of the mouth, providing a convenient way to help prevent the escape of prey (Cubbage and Mabee, 1996) . As in most teleost species, feeding ecology differs between larval and adult fish. In A. mexicanus the larval fish depend on small prey while adults consume relatively large prey. With the shift in feeding ecology, the maxillary bone functionally adapts by developing teeth, which provides a better way of retaining the captured prey.
Appearance of teeth in the adult has been less well documented in teleosts and in vertebrates in general; however, there is little data on late tooth development within the oral jaw bones. Interestingly, this late tooth development event is not limited to the maxillary bone in this animal. The suspensory pharyngeal bones also have teeth that develop at late stages of life (i.e. 28 dpf in first suspensory pharyngeal bone and at 60 dpf in second suspensory pharyngeal bone). In contrast to the oral jaw bones, growth of the tooth bearing pharyngeal bones is synchronised with pharyngeal tooth development. The development of teeth together with bone expansion is also present in humans; the lower third molars start to develop at around 7 yrs of age but only erupt at 18-25 yrs of age (Sisman et al., 2007) . There are no deciduous predecessors for the human permanent molars and they develop as the backward extension of the dental lamina which occurs with jaw expansion. Thus A. mexicanus could be used to model late tooth development events in other vertebrates.
Since BMP signalling molecules regulate every step in tooth development (Vainio et al., 1993) , and in order to investigate whether BMP inhibition may contribute to the late onset of tooth development in the maxillary bone, we conducted in situ hybridisation of several BMPs and their antagonist, Noggin. The expression of bmp4 extends in an arch from 3 dpf in the mesenchyme of the tooth bearing jaw regions (i.e. in presumptive dental lamina, which later forms the teeth) (Fig. 7C) . This specific bmp4 expression is marked in the area of the developing palatoquadrate cartilage where the future maxillary teeth form (Fig. 7B, asterisk) . Bmp4 expression reduces with increasing age but increases again around 40 dpf, becoming strong by 50 dpf (Fig. 9) . The early expression of noggin is similar to that of bmp4 (Fig. 8A-D) . However, noggin continues to be expressed in the jaw bones of juvenile fish and does not decline between 15 dpf and 50 dpf . Even though there is an early determination of the tooth field in the maxillary jaw area, we speculate that further progression of tooth development in the maxilla is inhibited by noggin, which keeps the presumptive tooth field in a quiescent state until it is activated at a later stage of life (i.e. 50 dpf). BMP4 acts as an inhibitor of SHH and FGF4 in the development of other epithelial appendages (Jung et al., 1998) and the localised inhibitor action of BMP4 has been shown to control tooth number in cichlid dentitions (Streelman et al., 2003) . The activator-inhibitory action of the BMP pathway might similarly regulate maxillary odontogenesis in the Mexican tetra. Interestingly Noggin mutant mice (Nog-/-) have a slight delay in early mandibular tooth and maxillary molar development which recovers with advancing age but the maxillary incisors arrest in the early stages of development and the residual tooth bud regresses thereafter (Hu et al., 2012) . These mutants have a single maxillary incisor tooth which is malformed. This further supports our hypothesis that Noggin might act as a regulator of maxillary tooth development in A. mexicanus. The expression of noggin in the external epithelium of the developing multicuspid tooth germs of maxillary and mandibular teeth at 50 dpf (Fig. 8N ) is suggestive of a role for Noggins in determining tooth morphology in teleost fish; as it is already documented in murine tooth development (Tucker et al., 1998) . Moreover, Noggins are known to play a role in cytodifferentiation (ameloblast and odontoblast cell formation) in mice (Ohazama et al., 2005) . In 50 dpf tooth germs, we detect the expression of Noggins in the inner enamel epithelium (Fig. 8N) , suggesting a conserved cytodifferentiation role regulated by Noggins in Mexican tetra tooth development. To our knowledge, this is the first report that describes noggin expression in the adult teleost fish. The strong expression of noggin in the jaw bones of adult tetra suggests a role for Noggin in new bone formation and remodelling processes that actively occur in tetra jaws and requires further study to elucidate.
In conclusion, by identifying the different dentitions in model organisms, this has enhanced our understanding of the comparative development of teeth. Astyanax mexicanus has oral and pharyngeal teeth which are distinctly different in morphology and developmental sequence. Late tooth formation increases the tooth bearing area in the oral region as well as the pharyngeal region; however, these late forming teeth always gain their site specific morphology. Our findings further support the hypothesis that different genetic mechanisms control tooth development in different oral jaw bones. Future studies investigating genetic control of tooth development will help to understand the mechanisms underlying differential timing of tooth development in vertebrate jaw bones.
Experimental procedures
Material
The fish used in this study were the progeny of surface fish (Astyanax mexicanus) originally obtained from Dr. R. Borowsky (New York University, New York City, USA). Fish were maintained at 21°C on a 12 hour light, 12 hour dark cycle. To induce spawning, tank temperature was increased to 26°C and one male was added to a tank containing one female.
Embryos were reared in system water at 25°C. Up to 14 dpf they were raised in small glass cups and were then transferred into 750 ml plastic containers. After one month, the larval fish were transferred to small tanks and later transferred to larger tanks. The larval fish were first fed with brine shrimp and then crushed commercial flake food twice a day. Adults were fed commercial flake food. Fish were housed at Mount Saint Vincent University, Halifax, Nova Scotia, Canada. Animals were raised according to the guidelines of the Canadian Council of Animal Care (CCAC).
Whole mount bone stain
Embryos and larval fish from 3 to 29 dpf, juveniles from 30 dpf to 80 dpf, 100 dpf, and adults at 150 dpf adult were examined with a minimum of five samples from each age group (n = 120) (dpf, days post fertilisation). The fish were euthanised using 0.1% ethyl 3-aminobenzoate, methanesulfonic salt (MS222) The strong expression continues until 6 dpf then it gradually becomes weaker. It is again detected from 40 dpf and reaches a maximum expression level, which is more than the expression level of noggin at 50 dpf. Noggin expression initiates at 4 dpf and continues to be expressed until 50 dpf.
Expression level
(Sigma-Aldrich, E10521) buffered with 1M NaOH, fixed in 4% paraformaldehyde (PFA) overnight and dehydrated in ethanol. Standard length (SL) was measured prior to fixation. An acid-free double cartilage and bone stain (Walker and Kimmel, 2007) was performed on fish up to 48 dpf (juveniles as well as adults, 150 dpf). Bone was stained using Alizarin red S (Sigma-Aldrich, A5533) and cartilage using Alcian blue (SigmaAldrich, A4045). Briefly, the fish were stained overnight in Alcian blue and Alizarin red staining solution, rinsed in water and bleached in 3% hydrogen peroxide in 1% potassium hydroxide (Sigma 1767) solution for 20 min. Large specimens were digested with 1% trypsin (Fisher Scientific, 9002-07-7) and 2% sodium tetraborate (Sigma B9876) in distilled water for three nights. All specimens were processed through an ascending series of glycerol in 1% potassium hydroxide solution then transferred to a storage solution of 100% glycerol. Single Alizarin red bone staining was conducted on 60 dpf, 80 dpf, and 100 dpf old samples as described in (Franz-Odendaal et al., 2007) .
Histology
The tooth bearing regions of tetra larvae (4 dpf, 7 dpf, 20 dpf), juveniles (35 dpf, 40 dpf, 60 dpf, 80 dpf) and adult fish (>one year old) were examined histologically. Fish were fixed in 4% PFA and decalcified in 1 mM EDTA before embedding in Paraplast Plus (Fisher Scientific, Canada) paraffin wax according to standard procedures 5 µm sections were cut. The slides were stained with Masson's trichrome staining or HBQ staining. The sections were examined and photographed using a Nikon compound microscope (Nikon ECLIPSE 50i).
Whole mount in situ hybridisation
Plasmids containing tBMP2a, tBMP2b and tBMP4 specific to A. mexicanus were provided by Dr. D.W. Stock (University of Colorado, USA). Zebrafish Noggin cDNA (zNog 1, zNog 2 and zNog 3) were provided by Dr. B. Thisse (University of Virginia, USA). The surface Mexican tetra genome has not been sequenced. Blast analysis of cavefish Noggin 1 and Noggin 5 over the zebrafish genome showed they are 80% homologous to zebrafish Noggin 1, 2 and 3.
Plasmids were cloned according to the standard procedures. Antisense digoxigenin labelled RNA probes were prepared from linearised vector using Roche kit (Roche Applied Science, Germany). Whole mount in situ hybridisations were performed as described by Thisse and Thisse (2008) with modifications in Proteinase K treatment as follows. Proteinase K treatments (20 µg/ml) were used for 10 min at room temperature for 2 dpf, 20 min for 4 dpf, 30 min for 6-8 dpf, and 45 min for 10-15 dpf. 50 dpf old fish were treated with 50 µg/ ml for one hour. A no probe control hybridisation mix was used as a negative control. After the color reaction, samples were post-fixed with 4% PFA and dehydrated through a graded methanol series. Specimens were photographed using a Nikon SMZ 1500 stereomicroscope or the compound microscope (Nikon ECLIPSE 50i). Some of the samples were embedded in 1% agar and cryo sectioned at 12-20 µm.
Tooth analysis
In order to examine tooth patterning, the mandibles, premaxillae, maxillae and gills were dissected from bone stained samples and were examined using a Nikon SMZ 1500 stereomicroscope. All the teeth of each jaw were counted. Cusp number and tooth position were also noted. The total tooth height and width of multicuspid teeth in the mandible were measured using Nikon NIS Elements software.
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